Ultrafast control of a lattice system realized by direct excitation of infrared-active phonon modes with infrared and THz optical pulses as well as indirect pathways via electron-phonon interactions and ionic Raman scattering[@b1] can be key techniques for coherent manipulation of structure in condensed matter. In correlated electron materials, excitation of phonons is one of the most promising pathways for controlling the electronic degrees of freedom via the interplay between phonons and electrons[@b2][@b3][@b4]. Furthermore, structural change can be achieved by phonon-induced deformation of the lattice[@b5][@b6][@b7][@b8]. For more sophisticated lattice control, the direction of lattice deformation should be optimized and one prospective approach is the formation of anisotropic carrier distributions which may cause directional phonon oscillation.

Coherent phonon spectroscopy is a time-resolved experimental tool to explore photo-induced optical phonons that oscillate in the THz frequency range. In opaque materials, coherent optical phonons can be driven by three well-known mechanisms, namely, impulsive stimulated Raman scattering (ISRS)[@b9][@b10], displacive excitation of coherent phonons (DECP)[@b11], and ultrafast screening of the space-charge (SC) field[@b12]. Recent theoretical studies have succeeded in the computational treatment of not only the isotropic but also the anisotropic contribution to the photo-induced driving force of coherent phonons and have revealed new quantitative insights about the optical response of the lattice[@b13]. These results suggest that excitation of anisotropic carrier distributions can drive coherent atomic motion beyond the framework of Raman scattering.

Here, we report on anisotropically-driven coherent optical phonons which are excited and detected by linearly-polarized optical pulses in (GeTe)~2~/(Sb~2~Te~3~)~4~ multi-layered film (superlattice), which are used for interfacial phase change memory (iPCM)[@b14]. Phase change memory has been commercialized in the form of both optical disks and nonvolatile electrical memories[@b15]. Among the various kinds of phase change memory, iPCM is one of the most promising candidates for the next-generation of non-volatile electrical memory and also has received considerable attention due to its topological insulating nature[@b16][@b17], which arises from its multi-layered structure[@b18][@b19]. Ultrafast manipulation of iPCM structure is relevant to high-speed data storage and highly desirable for the future of large-volume data processing. Previously, it was found that anisotropic phonon response is related to a phase transition in cubic iPCM material, which is different from the currently-used hexagonal iPCM[@b7]. Recently, the hexagonal iPCM material is mainly investigated for data storage applications because of good repeatability of SET-RESET cycles caused by small volume change upon phase change operation in contrast to the cubic iPCM material. The hexagonal iPCM is expected to present more significant anisotropy in coherent phonon response than the cubic iPCM material because the hexagonal structure is likely to emphasize the contrast between the basal plane and the stacking axis (*c*--axis) directional phonon response. Thereby, we investigated the polarization dependence of coherent phonons in hexagonal iPCM material.

Results
=======

Coherent phonon spectroscopy measurements were carried out for various polarization angles of pump and probe pulses. [Figure 1(a)](#f1){ref-type="fig"} shows a schematic illustration of the experimental setup and a structural model of the sample. The transient reflectivity change of the probe pulses (Δ*R*/*R*) was recorded as a function of the pump-probe time delay. The polarization angles of pump (*θ*~pump~) and probe (*θ*~probe~) pulses were varied between *s*-polarization (0°) and *p*-polarization (90°). Hereafter, the combination of *θ*~pump~ and *θ*~probe~ is represented as (*θ*~pump~, *θ*~probe~). Due to the oblique incident configuration, the electrical field of *s*-polarized pulse exclusively oscillates parallel to the in-plane (*a* − *b* plane of crystal) direction of the sample while that of *p*-polarized pulse has a component along the out-of-plane (*c*--axis) direction as well. [Figure 1(b)](#f1){ref-type="fig"} shows the polarization dependence of the optical absorption of the pump pulse (1 − *R*). By increasing *θ*~pump~, the 1 − *R* was enhanced a maximum of about 2.6 times. Therefore, all Δ*R*/*R* signals have been normalized according to the change in the 1 − *R* of the pump pulse.

In [Fig. 2](#f2){ref-type="fig"}, Δ*R*/*R* signals obtained for the (0°, 0°), (0°, 90°), (90°, 0°) and (90°, 90°) pump-probe configurations are shown. The abrupt decrease in the signal due to the electronic response is followed by an oscillation pattern due to coherent phonons and was observed for all polarization combinations. The oscillations persist for a few picoseconds and the observed complex oscillatory patterns suggest that the signals consist of multiple coherent phonon modes. Although the effect of the polarization-dependent absorption change has been corrected for, a clear polarization dependence in both the initial electronic drop and oscillation amplitude is observed. In particular, the (90°, 90°) signal exhibits a large response compared with the other three signals. Thus, the coherent phonons as well as the electronic response of iPCM was found to be affected by the values of the *θ*~pump~ and *θ*~probe~.

[Figure 3](#f3){ref-type="fig"} shows Fourier transformed (FT) spectra obtained from the Δ*R*/*R* signals shown in [Fig. 2](#f2){ref-type="fig"} after subtracting the electronic background by fitting with a combination of exponential decay functions. All spectra exhibit a relatively low intensity mode at 2.1 THz as well as two dominant modes at 3.4 and 5.1 THz. The phonon frequencies of these three modes are basically consistent with previously reported values[@b20]. The assignment of phonon modes in iPCM remains controversial, the 2.1 THz and 5.1 THz modes can be assigned to two different *A*~1~ modes in the Sb~2~Te~3~ sub-layers while the 3.4 THz mode may be a *E*~*g*~ mode in the Sb~2~Te~3~ sub-layers or the *A*~1~ mode in the GeTe sub-layers[@b20][@b21][@b22][@b23][@b24]. As seen in [Fig. 3(d)](#f3){ref-type="fig"}, the (90°, 90°) configuration leads to a significant enhancement of the FT intensity of the three modes yet the spectral shape remains basically unchanged.

[Figure 4](#f4){ref-type="fig"} shows the *θ*~pump~ dependence of the FT intensity of the 3.4 THz and 5.1 THz modes for *θ*~probe~ = 0°, 30°, 45°, 60° and 90°. Here, the FT intensity of the 3.4 THz mode obtained with (0°, 0°) polarization combination is normalized to be unity and the relative intensities are presented. Both the 3.4 and 5.1 THz modes exhibit similar trends. When *θ*~probe~ is small, the *θ*~pump~ dependence is not significant. However, with increasing *θ*~probe~, the effect of *θ*~pump~ becomes prominent. When *θ*~probe~ is large, the FT intensities significantly increase with increasing *θ*~pump~. Note that we have excluded the 2.1 THz mode from the discussion because the electronic background in the low frequency region interferes with characterization of this low frequency phonon mode. In addition to the phonon intensity variations, the spectral width of the 3.4 THz mode varies depending on the relative angle between the pump and probe pulses. In the parallel pump-probe polarization condition (0°, 0°) and (90°, 90°), the width of the mode is wide compared with that in observed in orthogonal pump-probe polarization conditions (90°, 0°) and (0°, 90°). A peculiar observation is that the pump polarization dependence does not appear when the probe polarization angle is small.

Discussion
==========

To clarify the origin of the (*θ*~pump~, *θ*~probe~) dependent enhancement of coherent phonon intensity, both coherent phonon generation and detection mechanisms should be considered. As mentioned above, ISRS, DECP and ultrafast screening of the SC field have been proposed as generation mechanisms for coherent phonons. In ISRS, phonons are excited by Raman scattering via real or virtual excitation of electrons. In DECP, on the other hand, abrupt modification of lattice potential due to the ultrafast generation of photo-electrons serves as the driving force. This mechanism is especially relevant for surfaces of polar semiconductors where the lattice potential can be modified by ultrafast screening of the SC field in a manner similar to DECP; this mechanism can act as a driving force for longitudinal optical phonons. In all three cases, the phonons possess coherency and become coherent phonons when the excitation pulse duration, which is directly relevant to the generation time of phonons, is sufficiently shorter than the oscillation period of the phonon modes. For the current experimental conditions in which electrons are excited across a small band gap by 1.55 eV laser irradiation, both resonant-type ISRS and DECP are applicable to the generation process of coherent phonons in iPCM. Furthermore, the ultrafast screening of the SC field has also been proposed as a generation mechanism in epitaxial Ge~2~Sb~2~Te~5~ films[@b24].

If the dominant mechanism of coherent phonon generation is ISRS, the polarization dependence on Δ*R*/*R* due to phonon oscillations can be estimated based on the theory of Raman scattering. By means of [Supplementary Eq. (S1)](#S1){ref-type="supplementary-material"}, however, it was not possible to reproduce the peculiar polarization dependent behavior in which there was almost no pump polarization dependence when the *θ*~probe~ was small. If the generation mechanism of coherent phonon is instantaneous screening of the SC field, no pump polarization dependence on coherent phonon intensity is expected because only the density of photo-excited carriers is important for this mechanism[@b25][@b26]. Hence, ISRS and ultrafast screening of the SC field can be excluded from being the main origin of the polarization angle dependence although these mechanisms may contribute to the non-dominant and polarization-independent component of the coherent phonons. With respect to the DECP mechanism, instead, the anisotropic phonon behavior may be explained by anisotropy in the electron-phonon interaction, especially when it occurs immediately after photo-excitation. As theoretically predicted[@b13], the distribution of photo-induced carriers, which is strongly governed by the direction of the applied electric field, determines the direction of the displacement of the lattice[@b8][@b27][@b28]. Indeed, the intensity of the Raman signal is very small in Ge-Sb-Te materials[@b29] and this result implies that the Raman cross section in Ge-Sb-Te materials is not large enough for the Raman process to be the dominant generation mechanism. Alternatively, the inherently anisotropic multi-layered hexagonal iPCM structure may accentuate an anisotropic optically-induced lattice response. Since the laser pulse used in the current measurement lasts several tens of femtoseconds (30 fs at full width at half maximum), it affects not only the ground state but also the photo-excited state. Therefore, in addition to the anisotropic electron-phonon interaction, the existence of the pump-pulse field may also contribute to directional polarizability change. The details of this possible mechanism will be unveiled by further studies.

To better understand the details of the anisotropy, we calculated the oscillatory components of the Δ*R*/*R* signals for (0°, 90°), (45°, 90°) and (90°, 90°) data by subtracting the non-oscillatory electronic response using double exponential function fitting as shown in [Fig. 5(a)](#f5){ref-type="fig"}. It was found that the pump polarization angle dependence emerges predominantly in the first two cycles of the oscillation pattern and the profiles of later oscillation are nearly identical. This tendency also cannot be explained by the theory of Raman scattering. Since the *θ*~probe~ was fixed at 90°, these signals reflect the change in the phonon-induced polarizability along the particular direction which couples with 90°-polarized light. When the pump pulse is polarized at 90°, the induced electronic distribution (namely the driving force of coherent phonons) preferentially acts along a specific direction and causes anisotropic phonon oscillations that interact with the 90°-polarized probe pulse. By using a 90°-pump pulse and a 90°-probe pulse, both the anisotropic and isotropic component of coherent phonon oscillations can be detected. In contrast, the coherent phonons induced by 0°-pump pulse possess different anisotropic oscillation components and isotropic components are dominantly detected by a 90°-probe pulse. Hence, the difference between the (90°, 90°) and (0°, 90°) signals should correspond to the anisotropic component of the coherent phonons which decays faster than the isotropic component due to the symmetry of crystal as shown in the inset of [Fig. 5(a)](#f5){ref-type="fig"}.

To obtain insight into this directional phonon decay, the anisotropic component of the coherent phonons was extracted by calculating the difference between 90°-pump and 0°-pump signals as shown in [Fig. 5(b)](#f5){ref-type="fig"}. The trace was well fitted with a combination of three damped harmonic oscillations,

where *A*, *ω*, *τ* and *φ* are the amplitude, the frequency, the dephasing time and the initial phase of the dominant two coherent phonon modes and the subscripts *L*, *M*, *H* and *B* represent the lower, the middle and the higher frequency modes and background component. *H*(*t*) is the Heaviside step function convoluted with a Gaussian to account for the finite time resolution. The obtained values of the directional phonon decay times for the lower, the middle and the higher modes were 0.28, 0.15 and 0.47 ps, respectively. The relatively short anisotropic decay time observed for the 3.4 THz mode is likely to be related to the symmetry of phonon mode. Within the current study, both the 3.4 and 5.1 THz modes exhibited a similar pump and probe polarization dependence although these are different modes. This result can be attributed to the disturbance of the crystal. Even for an epitaxial Ge~2~Sb~2~Te~5~ fabricated on a GaSb(001) substrate, the symmetry of crystal is distorted to some extent due to the presence of intrinsic vacancies and Shalini *et al.* found by extensive investigation of the coherent phonons that the phonon modes were significantly modified and became unspecific[@b24]. Polycrystalline samples are expected to show more ambiguous phonon properties than epitaxial samples and thereby the two different modes likely show a similar trend.

In conclusion, we have investigated optically induced coherent phonons in the (GeTe)~2~/(Sb~2~Te~3~)~4~ interfacial phase change memory material by employing optical pump-probe time-domain spectroscopy with various polarization angles of linearly-polarized pump and probe pulses. Almost no pump polarization dependence was observed when the polarization angle of the probe pulse was perpendicular to the *c*--axis, while the dependence became significant with increasing in the field component parallel to the *c*--axis. By comparing the time-domain signals obtained with different pump polarizations and the same probe polarization, we found the difference only occurred in the early time stage of the phonon oscillations. Since these results can not be explained by the theory of Raman scattering, we attribute the origin of the polarization dependence to anisotropically-induced transient lattice oscillations which can be excited and detected by optical pulses with a specific polarization angle. The excitation of anisotropic lattice response can be a powerful means for further development of ultrafast control of matter. Our technique will be combined with other ultrafast phonon-induced lattice control methods[@b5][@b6][@b7] to improve their efficiency.

Methods
=======

iPCM sample
-----------

The \[(GeTe)~2~/(Sb~2~Te~3~)~4~\]~8~ sample, which consisted of alternately grown 1.0 nm GeTe and 4.0 nm Sb~2~Te~3~ layers, was grown on the Si (100) substrate covered with 5 nm-thick Sb~2~Te~3~ initial layer that ensured fabrication of a highly ordered superlattice[@b30][@b31]. The substrate temperature was set to 230 °C during the growth. A 20-nm thick ZnS-SiO~2~ protection layer was deposited on top of the sample to prevent oxidation. Every layer was deposited by RF magnetron sputtering using alloy targets.

Coherent phonon spectroscopy
----------------------------

Optical pump-probe measurements were carried by employing a femtosecond Ti:Sapphire laser oscillator. Time-resolved reflectivity change of the probe pulses (Δ*R*/*R*) was recorded as a function of pump-probe time delay at room temperature utilizing a near-infrared optical pulse of 30 fs duration and a center wavelength of 830 nm at a repetition rate of 80 MHz. The pulse duration at the sample was optimized by a pair of dispersion-compensating prisms to preserve the time resolution of the system . The linearly polarized pump and probe pulses were focused with a 33.85 mm focal length 60°-off-axis parabolic mirror at and with respect to the sample normal, respectively. These incident angles were chosen to enable to apply electric field along both in-plane and out-of-plane directions yet not to worsen the signal-to-noise ratio due to the enlargement of size of focused spots. The fluence of the pump pulse was kept at 756 *μ*J cm^−2^, from which we estimated a temperature rise of only by means of the two-temperature model[@b32][@b33], so that the increase in the sample temperature due to laser irradiation could be neglected. Moreover, we have confirmed that repetitive laser irradiation does not cause damage and phase change on the sample surface. The polarization angles of the pump and probe pulses were rotated using 1.3 mm-thick zero-order quartz half-wave plates. The polarization dependence of the optical reflectivity (*R*) of the pump pulse was obtained by a static reflectivity measurement and the obtained 1 − *R* data is shown in [Fig. 1(b)](#f1){ref-type="fig"}. On the other hand, the *θ*~probe~ dependence of optical absorption for probe pulse can be neglected because Δ*R*/*R* does not depend on the probe intensity and nonlinear effect are not expected for the current probe power.
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![Optical pump-probe setup and polarization dependent 1 − *R* of the pump pulse.\
(**a**) Illustration of the obliquely incident pump-probe measurement setup. A structural model of the sample is shown in a magnified view. The green, purple and orange balls indicate Ge, Sb and Te atoms, respectively. The intensity of the reflected probe pulse was detected by a photo diode (PD). (**b**) The polarization dependence of the 1 − *R* of the pump pulse.](srep19758-f1){#f1}

![Time-domain pump-probe signals.\
Time-resolved Δ*R*/*R* signals for (0°, 0°), (0°, 90°), (90°, 0°) and (90°, 90°) pump-probe configurations.](srep19758-f2){#f2}

![Frequency-domain pump-probe signals.\
FT spectra for (0°, 0°) (**a**), (90°, 0°) (**b**), (0°, 90°) (**c**) and (90°, 90°) (**d**) configurations obtained from the time-domain signals.](srep19758-f3){#f3}

![FT intensity for the various pump and probe polarization.\
Pump polarization dependence of FT intensity of (**a**) lower and (**b**) higher frequency modes for various probe polarization angles. The doted lines are guides to the eye.](srep19758-f4){#f4}

![Comparison of early time stage of coherent phonon oscillations obtained with different pump angles and summary of anisotropic phonon decay.\
(**a**) Δ*R*/*R* signals for (0°, 90°), (45°, 90°) and (90°, 90°) obtained by subtracting the carrier responses. The inset shows a schematic illustration of the decay of the anisotropic phonon oscillations. (**b**) The difference between the pink and light blue curves of (**a**). The red curve shows a fit obtained using [eq. (1)](#eq1){ref-type="disp-formula"}. The orange, green and blue curves are the decomposed curves of the fit of the 2.1 THz, 3.4 THz and 5.1 THz modes, respectively.](srep19758-f5){#f5}
